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2in the Milky Way are presented. Section III discusses the
annihilation of B
(1)
particles and the details of fragmen-
tation of secondary quarks. In section IV we evaluate
gamma and neutrino uxes from the galactic center and
compare the predicted uxes with observations. In sec-




propagating in the Galactic magnetic eld and the con-
straints on the B
(1)
mass. Finally, results are summa-
rized and discussed in section VI.
II. DARK MATTER PROFILES
In this section we discuss some widely used prole mod-
els for the density of dark matter in galaxies, and the
corresponding value for the integration along the line of
sight in the direction of the Galactic Center (GC).
The choice of the dark matter density prole is crucial
when discussing annihilation radiation, because it xes
the normalization of the observed spectrum. Even under
the simplifying assumption of a spherically symmetric
prole, the uncertainty on the dark matter distribution
is such that it is impossible to put model-independent
constraints on physical parameters of dark matter parti-
cles.
In fact, there is still no consensus about the shape of
dark halos. High-resolution N-body simulations suggest
the existence of \cusps", with the inner part of the halo
density following a power law / r
 
with index  pos-
sibly as high as 1.5 (see below). On the other hand ob-
servations of rotation curves of galaxies seem to suggest
much shallower inner proles [11] (but other groups claim
the impossibility of constraining dark matter with such
observations [12]).
For what concerns the Milky Way, the situation is un-
clear despite the wide range of observational data avail-
able. Binney & Evans (BE, 2001) [13] exclude cuspy pro-
les with  > 0:3, with an analysis based on micro-lensing
optical depth. Nevertheless Klypin, Zhao & Somerville
(KZS, 2001) [14] nd a good agreement between Navarro,
Frenk, and White (NFW) proles,  = 1, and observa-
tional data for the Galaxy and M31. The main dier-
ence between the two analysis is in the modelisation of
the Galaxy: KZS claim to have taken into account dy-
namical eects neglected by BE, and to have a \more
realistic" description of the bar.












In Tab. I we give the values of the respective parameters
for some of the most widely used prole models, namely
the Kravtsov et al. (Kra, [15]), Navarro, Frenk andWhite
(NFW, [16]), Moore et al. (Moore, [17]) and modied
isothermal (Iso, e.g. [18]) proles.
The dark matter prole in the inner region of the Milky
Way is even more uncertain: observations of velocity dis-
TABLE I: Parameters of some widely used prole models for
the dark matter density in galaxies in Eq. (1). We also give
the value of J(10
 3
), see text for details.





Kra 2.0 3.0 0.4 10.0 2:166  10
1
NFW 1.0 3.0 1.0 20 1:352  10
3
Moore 1.5 3.0 1.5 28.0 1:544  10
5
Iso 2.0 2.0 0 3.5 2:868  10
1
persion of high proper motion stars suggest the existence
of a Super Massive Black Hole (SMBH) lying at the cen-





It has been argued [20] that the process of adiabatic
accretion of dark matter on the central SMBH would pro-
duce a \spike" in the dark matter density prole, leading
to a power law index possibly as high as   2:4. Al-
though central spikes could be destroyed by astrophysi-
cal processes such as hierarchical mergers [21, 22], these
dynamical destruction processes are unlikely to have oc-
curred for the Milky Way [23]. The existence of such
spikes would produce a dramatic enhancement of the an-
nihilation radiation from the GC, and would allow to put
stringent constraints on dark matter particles properties
and distribution [20, 23, 24, 25].
As a rst step for the study of indirect detection of KK
dark matter, we choose to be conservative, and to focus
on ordinary proles without central spikes.
We now want to compute the observed ux from dark
matter particle annihilation in the GC. The observed ux
can be written as

i













where the index i denotes the secondary particle observed
(we focus on  rays and neutrinos) and the coordinate s
runs along the line of sight, in a direction making an angle
 respect to the direction of the GC. v is the annihila-
tion cross section, dN
i
=dE is the spectrum of secondary
particles per annihilation and M is the mass of the LKP.
In order to separate the factors depending on the pro-
le from those depending only on particle physics, we
introduce, following [18], the quantity J( )













(r(s;  )) :
(3)
We dene J(
) as the average of J( ) over a spherical
region of solid angle 




) are shown in the last column of table I
for the respective density proles.



























3FIG. 1: Fragmentation function of dierent quark species into
pions. From bottom to top, the curves are relative to quarks
c and b (on the same curve, three dots-dashed line), s (dash-
dotted), d (dashed), u (dotted) and sum of all (solid).
III. CROSS SECTIONS AND
FRAGMENTATION FUNCTIONS
Annihilation cross sections of the LKP into Standard
Model particles can be found in the appendix of [2]. Here
we are concerned with the annihilation into fermions f
which, in the non relativistic expansion limit (hvi '
a+ bv
2
























and Y are respectively the number of colors, num-













per neutrino avor. In addition to their direct produc-
tion, neutrinos can also be produced via subsequent de-




! qq ! 

!  + ::. Di-
rect annihilation into two  rays is loop-suppressed, so





! qq ! 
0
! . To investi-
gate the spectrum of secondary neutrinos and  rays,
one has to go through the details of quark fragmenta-
tion into (neutral or charged) pions and their subsequent
decay.
We use the Fragmentation Functions (FFs) described
by Kretzer (2000) and implemented in [26]. In this ap-






), which is the probability that the par-
ton a fragments into a hadron h carrying a fraction x
of the total momentum Q, where we sum over partons






In Fig. 1 we show the FFs relative to dierent quarks
for the production of Pions.
FIG. 2: Spectrum of charged pions after fragmentation times







The dotted line is the analytic t Eq. (8)which is suÆciently
accurate up to x ' 0:8.
The spectrum of hadrons h produced after fragmen-
tation is the sum of the FFs of the dierent quarks,
weighted with the corresponding quark pair production


















The result for charged pions, h = 














which is suÆciently accurate up to x ' 0:8.
We are now able to compute the  ray spectrum re-
sulting from neutral pion decay into two photons. The




















denote energy and momentum of the respective particle.




, so that the spectrum
can be approximated with a Heavyside function. The



















Examples of predicted uxes for dierent particle masses
and dierent density proles are given in the next section.
Finally, to compute the neutrino spectra we use the
formulae provided in [27]. In Fig. 3 we show the resulting


















(dash-dotted), resulting from folding Eq. (7)
with the pion decay spectra.
FIG. 4: Expected  ray uxes for (top to bottom) M = 0:4,





= 500. For comparison
shown are typical  ray uxes predicted for neutralinos of
mass ' 200GeV, as well as EGRET data and expected sensi-
tivities of the future GLAST, MAGIC and HESS experiments.
IV. GAMMA-RAY AND NEUTRINO FLUXES




in the direction of the GC forM = 0:4,





= 500. To obtain
the ux for a given prole, one can use the corresponding
value of J (
) given in the last column of Tab. I. In the
same gure we show for comparison observational data
fromEGRET [28], and expected sensitivities of the future
experiments GLAST [29], MAGIC [30] and HESS [31].

























FIG. 5: Integral ux of  rays (dotted line) and muon neu-
trinos (solid) above 50 GeV. The dashed line shows the contri-
bution of direct B
(1)
annihilation into neutrinos. Horizontal
lines are sensitivities of present and future experiments for
 rays (dotted horizontal lines) and neutrinos (solid hori-
zontal lines).
FIG. 6: Value of J = J(10
 3
) required to produce  uxes
observable by the future GLAST, MAGIC and HESS exper-
iments, as a function of the B
(1)
mass. For comparison we
show the value of J for some proles discussed in the text.
In this formula we used the fact that B
(1)
particles are
expected to be non-relativistic in the GC, so we can safely




Given the particle physics details (cross sections and
fragmentation) we are thus left with two free parameters:
the mass of the dark matter particle, M , and the value
of J(
), depending on the specic dark matter prole
adopted. We show in Fig. 6 the constraints on these two
parameters based on the expected sensitivity of GLAST,
MAGIC and HESS. For a NFW prole masses below 600
GeV are excluded if MAGIC does not observe any radi-
ation from the GC.
5Constraints from neutrino uxes are weaker. High en-
ergy neutrinos can be detected with large underground
telescopes, which are sensitive to muons originated by
charged current interactions of 

with the matter sur-
rounding the detector. We used the above cited expres-
sions for the charged pion decay obtained in Ref. [27], to
compute the ux of secondary 

on Earth.
In Fig. 5 we plot the integral ux of muon neutrinos
above 50 GeV (solid line) as a function of the B
(1)
mass.
This ux is obtained by adding the contribution of neu-
trinos directly produced by B
(1)
annihilations (dashed
line), and secondary neutrinos originated by the decay of
charged pions. We show in the same gure the MACRO
experiment upper bound [32] for  ux above 1 GeV from
the GC (upper solid horizontal line) and a rough estimate
of the sensitivity of ANTARES (lower solid) at the same
energies (see e.g.[33]).
We show on the same plot the integral ux of pho-
tons (same threshold as for neutrinos, to compare relative
ux) and the expected sensitivity of future experiments
GLAST, MAGIC and HESS.
We also note that, following [10], the ux of high en-
ergy neutrinos from B
(1)
annihilations in the sun should







that our estimate for the  ray ux is in good agreement
with Fig. 3 of [5].
V. SYNCHROTRON RADIATION
Another interesting mean of indirect detection of dark
matter is the synchrotron radiation originated from the
propagation of secondary e

in the Galactic magnetic
eld.
The magnetic eld is supposed at equipartition (for de-













which means that the magnetic eld is assumed to be
in equipartition with the plasma out to a galactocentric
distance r
c
= 0:23 pc, and to be equal to a typical value
observed throughout the Galaxy at larger distances.
If the actual value of the magnetic eld away from
the central region was smaller than the one we consid-
ered, this would imply a shift of the radio spectrum to-
wards lower energies and thus a higher ux for a given
frequency. This would also translate into stronger con-
straints for the mass and annihilation cross section. Nev-
ertheless we prefer to be conservative and consider a quite
high value of B. Note that magnetic elds stronger than
equipartition values are physically unlikely.
The synchrotron ux per solid angle at a given fre-





































(r(s;  )) ; (14)
and s is the coordinate running along the line of sight.
Y
e
(M;) is the average number of secondary electrons
above the energy E
m
() of the electrons giving the max-
imum contribution at a given frequency  and for a mag-


















For frequencies around 400MHz, used below, and for






2GeV. In reality, for dark matter pro-
les with central cusps, e.g. the NFW, Kravtsov, and
Moore proles discussed above, most of the annihilation
signal comes from the inner region of the Galaxy, where
the magnetic eld is probably higher. In this case, and










which at the inner edge of the prole, corresponding to





pc, takes the value E
m
(400MHz) = 8:8 
10
 4
GeV. We thus always have E
m
(400MHz)  M ,
which means that most of the secondary electrons are
produced above this energy and contribute to the radio




For a particle of mass M , the product vY
e
(M ) is
evaluated by adding the contribution of every annihila-

















(M ) : (17)
The main channels contributing to this ux are direct
production of leptons, and annihilation into quarks, as









(M ) ' 2 in all the relevant range of masses, while




(M ), we integrate the FF for e
+
shown in Fig. (3),
and multiply by a factor 2 to account for e
 
from the
corresponding decay of 
 
. Using Eq. (17) and extrap-
olating the FF in Fig. (3) at low x values, we nd e.g.
vY
e






(1TeV) ' 8:4 for
M = 1TeV.
To obtain the observed radiation, one should multiply
the luminosity L

with the synchrotron self-absorption
6FIG. 7: Synchrotron emission at frequency  = 327MHz for
NFW (solid line), Kravtsov (dashed) and Moore (dotted) pro-
les, as a function of the angular distance from the Galactic
center.
coeÆcient. In our case the optical depth is negligible and
the self-absorption coeÆcient of the order of unity. In
fact, using the expression introduced in [25], the optical





















' 8 kpc is the distance of the sun from the





section for annihilation into right-handed up quarks) and





We can thus neglect self-absorption unless the frequency
considered is very small. For frequencies of the order of
a few MHz the free-free absorption also sets in (see e.g.
[34]).
In Fig. 7 we evaluate Eq. (13) for three dierent halo
proles, as a function of the angular distance from the
GC.
To compare with observations we integrate over the
relevant solid angle. The comparison between predicted
and observed uxes constrains the cross section of anni-
hilating dark matter particles and therefore their mass.
We studied three dierent cases:
1. Flux at  = 408MHz in a cone of half-width 4 arc-
sec pointing towards the GC. Assuming a NFW




0:05 Jy [35], puts the following con-






















2. Flux at  = 327MHz from a circular ring around
the GC with inner and outer radius equal to 5 and
10 arcmin, respectively. We estimated the observed
FIG. 8: Predicted (curves) and observed (horizontal lines)
radio ux from regions close to the Galactic center, for a NFW
prole, as a function of the particle mass. Bottom to top: case
1 (solid lines), case 2 (dotted lines) and case 3 (dashed lines),
see text for details.
ux from [36] to be ' 121 Jy. If we impose the























3. Flux at  = 327MHz in a cone of half-width 13.5
arcmin pointing towards the GC. The observed ux
is ' 362 Jy [37]. The constraint on the cross section






















The constraints derived on the cross section are quite
general and apply to any type of self-annihilating dark
matter particles. To test specic candidates one has to
specify the relation between cross section and mass. In
particular the above constraints can be turned in a lower
bound on the mass of the KK particle. In Fig. 8 we
show predicted and observed uxes for KK particles, for
a NFW prole, as a function of the particle mass. For
every case we plot the predicted and observed ux, the
latter being of course represented by a horizontal line.
Cases 1, 2 and 3 are respectively represented by solid,
dashed and dotted lines. Case 1 is the most constraining,
implying a lower bound on the mass of about 0:5TeV.
To emphasize the importance of the density prole
adopted, we plot in Fig. 9 the ux corresponding to case 1
for three dierent proles. It is evident that for a Moore
et al. prole the synchrotron ux would exceed the ob-
served emission by several orders of magnitude for any
interesting value of the B
(1)
mass, while for a Kravtsov
prole B
(1)
particles are practically unconstrained.
7FIG. 9: Predicted radio ux from a 4 arcsec cone around
the Galactic center, as a function of the KK particle mass
for dierent density proles. Bottom to top: Kravtsov et al.
2nd example (dotted line), NFW (solid line) and Moore et al
(dashed line).
We also compared high latitude predicted uxes with
observations [34]. The strongest constraints result from
the lowest frequencies at which free-free and synchrotron
self-absorption are not yet important, i.e. around





from the Galactic anti-center is
' 6  10
6
Jy. Comparing with the predicted emission






















While this is considerably weaker than the constraints
above, it is largely independent of the unknown GC dark
matter prole.
Note that we can safely neglect other energy losses of
secondary electrons such as Inverse Compton Scattering
(ICS) and Pair Production (PP), which are much less
eÆcient than synchrotron emission at the GC. Consider































, compared to the cosmic mi-









is the Thomson cross section, we can express the































Finally we can check whether we can get interesting
constraints from clumped halos. In fact, high-resolution
N-body simulations suggest the existence of many sub-
structures in the dark halos (see e.g. [17]). Without going
into details, we refer to [39], where synchrotron emission
is evaluated for neutralino annihilation in clumped halos.
If we consider clumps with a NFW prole, we can re-
fer to Fig. 2 of [39] and extrapolate the ux for a 1TeV
neutralino at  = 0:1GHz to be
<

10 Jy, in a solid an-
gle which we estimate, using the normalization of CMB
anisotropies, to be around 
 = 3  10
 3
sr. We can
have a rough idea of the ux corresponding to our clump
candidate, for the same mass, by rescaling the ux by the
ratio of the B
(1)
to the neutralino annihilation cross sec-
tion. The expected ux for our candidate clump should
thus be of the order of 100 Jy.
To see if this ux can outshine the background, we
compare it with low frequency observations of the galac-
tic anti-center regions for which recent estimates suggest





which for the above solid angle would give a ux of
 10
3
Jy, thus exceeding the predicted ux by one order
of magnitude. Thus the hypothesis of a clumped halo for
our Galaxy does not put any further constraint on the
parameters of our dark matter candidate.
VI. CONCLUSIONS
We have evaluated the prospects for indirect detection
of B
(1)
, the rst Kaluza-Klein state of the Hypercharge
B gauge boson. In particular, we focused on neutrino,
 ray, and synchrotron uxes from annihilation of B
(1)
particles in the Galactic halo.
Assuming a Galactic magnetic eld at equipartition in
the inner part of the Galaxy and equal a few micro Gauss
elsewhere, we showed that, with the same density prole,
synchrotron radiation give stronger constraints with re-
spect to -ray emission while neutrino uxes are much be-
low the expected sensitivities of future experiments and
several orders of magnitude smaller with respect to those
expected from annihilations in the Sun.
Furthermore, synchrotron constraints are based on
existing observations, while signicant constraints on
 rays will only result from hypothetic null searches
at the expected sensitivity of future experiments like
GLAST, MAGIC and HESS. On the other hand, pre-
dicted synchrotron uxes are less robust because they
not only depend on the dark matter prole close to the
Galactic center, but also on specic assumptions for the
Galactic magnetic eld.
Comparing predicted and observed synchrotron uxes
from the Galactic center, we derived, for a NFW prole,
















particles, into a lower bound on the
mass of about M
>

0:5TeV. We also discussed how this
bound would vary depending on the dark matter prole
adopted.
To conclude, the Minimal Supersymmetric Standard
8Model is not the only viable extension of the Standard
Model and the LSP is not the only viable Dark Matter
candidate. It is therefore important to be open to other
alternatives. Here, we focused on the Lightest Kaluza{
Klein Particle, B
(1)
, a typical WIMP and a viable DM
candidate. Direct and indirect detection prospects for
B
(1)
are challenging. In this work, we were able to
set a constraint on the mass of the LKP and therefore
on the compactication scale of Universal Extra Dimen-
sions. Such a constraint comes from an existing measure-
ment of synchrotron radiation and is more severe than the
one from current electroweak precision tests. However, a
better knowledge of the Galactic Dark Matter prole to-
gether with that of the magnetic eld would be helpful to
put this constraint on a more robust footing. The idea of
TeV Kaluza{Klein Dark Matter remains safe for a while.
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